Maize breeding efforts to generate high yielding and adaptive cultivars have recently been given emphasis by national maize breeding program. In Ethiopia, the maize production system is mainly dominated by subsistence farmers where their production is below average. The objectives of this study were to determine the combining ability between lines and testers, and to evaluate the performance of crosses (hybrids) and parents for grain yield and yield component traits. Twenty-seven inbred lines were generated by crossing nine female lines (L1-L9) and three male testers (T1-T3) using line × tester mating system at International Maize and Wheat Improvement Center (CIMMYT), East African high land maize improvement program. The inbred lines along with parents were evaluated in randomized complete block design with two replications at three locations (Ambo, Kulumsa and Haramaya). Significant differences were observed among genotypes for all ten traits considered. Eight crosses (L1 × T2, L1 × T3, L3 × T3, L8 × T1, L4 × T2, L9 × T1, L2 × T1, and L2 × T2) had higher yield performance compared to other crosses across environments. Significant mean square differences were found across locations for general combining ability (GCA) due to lines for all traits except for number of kernel rows per ear, whereas GCA due to testers were significant only for grain yield, ear length and 1000-seed weight. Significant mean square due to GCA × Loc (both for lines and testers) was found for days to maturity (38.71*), 1000-seed weight (4582.36**) and grain yield (2756777**), while significant SCA × Loc interaction was found for all traits except number of kernel rows per ear (1.07), ear length (0.79) and ear diameter (0.12), suggesting that the importance of additive and non-additive gene effects in controlling these characters.
Introduction
Maize (Zea mays L.) is a member of grass family gramineae, to which all the major cereals belong. It is a diploid with 2n = 20. It is one of the important crops growing in all parts of Ethiopia with high production in western, southwest and southern regions of the country [1] . According to Central Statistics Authority of Ethiopia, the production area for maize is significantly expanded to the most productive agricultural lands in the mid and highland areas of the country where it has been a minor crop in the past. This puts maize in the first position in total production and yield per unit area, and second after Teff (Eragrostis tef) in acreage among cereals. Some of the reasons for its rapid expansion were diverse use, wide adaptability, its high response to improved production packages, high yield per unit area and relative easiness of its production [2] . Maize has been put under a wider range of uses compared to any other cereals. It is used as human food, as feed grain, as fodder crop, and for hundreds of industrial purposes, this is due to its broad global distribution, and low price relative to other cereals, diverse grain types and its wide range of biological and industrial properties [3] .
There is a great potential for maize production in Ethiopia and thus, the area, yield and production have been increasing for the last 10 years. However, the national average yield is still far below the world average. Such low yield is attributed mainly due to the lack of improved varieties for different agro-ecological regions particularly for highland maize growing environments [4] .
The breeding program has emphasized the development of open pollinated varieties (OPVs) believing them to be more suitable for small farm agriculture with low inputs, but this breeding strategy has not shown the expected progress in maize seed industry as OPVs provide low response to improved packages and little incentive to private sector participation. Thus, the country has been importing hybrid seed for large state farms for many years [5] [6] .
Effective selection method for grain yield and other desirable traits require information on the magnitude of useful genetic variances present in the population in terms of combining ability and association of component traits [7] . The combining ability between inbred lines and the three-popular east African populations (Ec.573, Kitale synthetic II and Kuleni) is not well established. The lack of information on combining ability between lines and open pollinated varieties necessitated introduction, crossing and evaluation of bulk of maize materials, which requires a lot of time, labor and expenses [8] . A suitable means to achieve this goal is the use of line × tester analysis system, a method that provides information about general and specific combining ability of parents and at the same time helpful in estimating various types of gene action.
Combining ability analysis is one of the powerful tools in identifying the better combiners, which may be hybridized to exploit heterosis and to select crosses for direct use or for further breeding, although genetic studies have been made in maize in Ethiopia, little effort has been made to gather such information for highland areas of the country and this information also enables to make logical crosses (only between heterotic groups) and reduces the expense required for crossing and evaluation. Hence, this work was initiated with the objective of determining the combining ability of lines. 
Materials and Methods

Site Description
Plant Materials and Experimental Design
A total of 39 genotypes including 27 crosses derived by crossing nine female lines (L1-L9) and three male testers (T1-T3) using line × tester mating system [9] were obtained from the International Maize and Wheat Improvement Center (CIMMYT), East African highland maize improvement program. The list of the inbred lines and testers used in this experiment are given in Table 1 . These inbred lines and testers were selected for their better yield potential and physiological maturity for high land maize growing agro-ecologies of Ethiopia. The tester lines used in these experiments were originally developed by CIMMYT and have been widely used to study combining ability of newly developed inbred lines by national maize breeding programs in east and central Africa regions. Meanwhile these testers are also used to group inbred lines into different heterotic groups. The experiment was arranged in randomized complete block design (RCBD) with two replications. Each plot consisted of two rows of 5.1 m long with spacing of 75 cm between rows and 30 cm between plants. Data collected were days to anthesis, days to silking, days to maturity, plant height, ear height, number of kernel rows per ear, ear length, ear diameter, 1000 kernel 
Testers ( weight and grain yield. All the crop management and protection practices were applied based on the recommendation of each location.
Data Analyses and Statistical Model
All data collected for yield and yield related component traits were analyzed using Agrobase software version2. In the analyses, environments were considered as random and genotypes as fixed effects. Each of the three environments was first analyzed separately and then subjected to combined analysis. The combined analysis of variance over the three locations was done after testing the homogeneity of error variances using variance ratio. Similarly, analysis of variances was performed for combining ability using 27 crosses and cross plus parents, respectively, for individual and combined data. General combining ability (GCA) and specific combining ability (SCA) were computed for characters that showed significant differences among crosses following Line × Tester analysis [9] using Agrobase and SAS computer programs. The statistical model used was as follows:
where: Y ijk is any character measured on cross i × j in k th replication; g i = GCA effect of i th parent; g j = GCA effect of the parent j; S ij = SCA effect of cross i × j; rk = replication effect; e ijk = environmental effect peculiar to (ijk) th individual, and M = population mean effect.
Results and Discussion
Error mean square at the three locations (AARC, KARC and HU) showed ho-mogeneity for most of the traits, however, in some cases moderate heterogeneity for some of the traits was observed. According to Sokal and Rolf [10] , the consequence of such cases is not expected to be too serious so we presented here the combined data analyses.
Significant differences were observed among the genotypes for days to tasseling, days to silking, days to maturity, plant height, ear height, ear length, ear diameter, number of kernel rows per ear, 1000-seed weight and grain yield except number of kernel per ear under combined analyses (Table 2) . Similarly, significant G × E interaction was observed for days to anthesis, days to silking, days to maturity, ear height, plant height and 1000-seed weight were observed. This suggests that the genotypes tested in this study were different from each other for these traits. Therefore, phenotypic selection is feasible to identify the best crosses.
Mean Performance
The mean grain yield across environments was better for crosses such as L1 × T2 (11,360 kg/ha), L1 × T3 (10,505 kg/ha), L3 × T3 (10,469 kg/ha), L8 × T1 (10,239 kg/ha), L4 × T2 (10,239 kg/ha), L9 × T1 (10,139 kg/ha), L2 × T1 (10,101 kg/ha), and L2 × T2 (10,008 kg/ha), respectively (Table 3 ). This suggests that these genotypes could be used as a potential source of genes for improving grain yield since they have more stable characters over environments. The highest 1000 seed weight was obtained from L6 × T3 (508.1 gm) and L9 × T3 (501.1 gm). The highest number of kernels per rows and number of rows per ear were recorded for L6 × T2 (41.8) and L9 × T1 (14.6), respectively, and the widest ear diameter was recorded for L8 × T1, L9 × T1, and L6 × T3. The number of crosses showed better mean performance in yield components as compared to other hybrids could be used as source of genes for improving grain yield as well as indirect selection for grain yield per se.
Analyses of Variance for Combing Ability
Line × Tester Analysis was performed for all traits considered in this study fol- **, *Significant at 1 and 5 % level of probability, respectively. S. V = Source variation, Loc = Location, G × E = Genotype × environment, CV = coefficient of variation. DF = degree of freedom, DA = days to anthesis, DS = days to silking, DM = days to maturity, EHT = ear height, PH = plant height, EL = ear length, ED = ear diameter, RPE = number of kernel rows, YLD = grain yield, TSW = 1000-seed weight, KPR = number of kernel per row. lowing the procedure described by Kempthorne [9] . Combined analysis of variance for GCA (general combining ability) showed that the mean square due to lines were significant for all the traits (Table 4) , except for number of kernel rows per ear, whereas GCA mean squares due to tester were significant only for yield, ear length and 1000-seed weight. This suggested that additive gene effect was significantly important than non-additive gene effects for these traits. Meanwhile, the ratio of GCA/SCA mean square further supported the importance of additive gene actions in the inheritance of traits. The line × tester interaction (SCA) was significant for all traits considered, indicating that there were significant differences among crosses. Significant mean square due to GCA × Loc (both for lines and testers) was found for days to maturity (38.71*), 1000-seed weight (4582.36**) and grain yield (2756777**), while significant SCA × Loc interaction was found for all traits except number of kernel rows per ear (1.07), ear length (0.79) and ear diameter (0.12), suggesting that the importance of additive and non-additive gene effects in controlling these characters. Similar results reported by Beck et al. [11] for SCA in grain yield, days to silking and plant height. Vasal et al. [12] also found significant mean squares due to SCA for plant height and grain yield in tropical × sub tropical crosses of maize germplasm. In this study, additive gene actions were important for ear length, ear diameter, and grain yield, suggesting that additive gene action is important for selection of quantitatively inherited traits [13] .
General Combining Ability Effects
Estimates of GCA effects for combined analyses were presented in Table 5 . The GCA effects were not estimated for some of the characters as mean square due to GCA was not significant in analysis of variance for combining ability. Highest **, * = Significant at 1% and 5% level, respectively. GCA (L) = GCA due to lines, GCA (T) = GCA due to testers, GCA Lxloc = GCA line by location, GCA Txloc = GCA due to tester by location, RPE = number of kernel rows, EL = ear length, ED = ear diameter, TSW = 1000-seed weight, DA = days to anthesis, DS = days to silking, DM = days to maturity, PH = plant height. significant and positive GCA effects for grain yield was recorded for L1 across locations, revealed that parent L1 was proved to be a good general combiner, hence L1 can be used as potential source of additive gene effects to improve grain yield and yield components. High and significantly negative GCA effects for yield were recorded for L5, L7 and T3, suggesting that these lines are poor combiners to improve grain yield. Similar results were reported by Vasal et al. [14] . L1, L6, L8, and L9 showed significantly positive GCA effects for 1000-seed weight, showing that they are good general combiners for this trait. Genotypes such as L1, L2, L3, L4, L6, L8, T2 and T3 showed positive estimates of GCA effects for the ear length, suggesting that these lines are good combiner to improve ear length in maize. L5 was good general combiner for both days to silking and maturity if lateness is considered, whereas L1 and L4 were good general combiners for maturity traits when earliness is considered.
Estimation of Specific Combing Ability Effects
Estimates of specific combining ability (SCA) effects for combined environments were presented in Table 6 . It can be seen from the results that most of the combinations had statistically non-significant SCA effects for most of the traits. Crosses L3 × T3 and L7 × T2 were the only crosses that had significant and positive SCA effects for grain yield and 1000-seed weight, suggesting that these two crosses combined well to give higher grain yield and 1000-seed weight than the mean performance of their respective parents. On the other hand, L1 × T1, L3 × T1, and L7 × T3 were poor combiners with statistically negative significant SCA effects (−1455**, −1080.2* and −1713** respectively). In this study, manifestation of good SCA may not be expected since some of the parents involved to produce the F 1 hybrids are broad based populations. Several authors indicated that good GCA effect is obtained from broad based parents (full-sibs, half sibs, population and composites) while good SCA is exhibited by narrow based parents (inbred lines) upon crossing. Such differences are especially a matter of differences in gene frequency. In broad based parents, gene frequency is not easy to determine compared to narrow based parents gene frequencies [15] . L1 × T2 and L1 × T3 showed positive and significant SCA effects for ear length and ear diameter, respectively, indicating that they are good specific combiners for the above-mentioned traits. L8 × T1, L2 × T2, L7 × T2, L3 × T3, and L5 × T3 crosses had significant and positive SCA effects, whereas L2 × T1, L3 × T2, L5 × T2, L6 × T2, L7 × T3 and L8 × T3 produced significant and negative SCA effects for 1000-seed weight.
Conclusion
The analyses of variance for combining ability across locations indicated that mean squares due to lines were significant for all traits except number of kernel rows per ear, whereas mean squares due to testers were significant for yield, ear length and 1000-seed weight. The line × tester interaction was significant for all traits considered, suggesting that there were differences among F1 hybrids. The estimates of GCA effects in combined analyses revealed that L1 was good general combiner for grain yield and other related traits and had negative significant GCA effects for days to maturity. This line could possibly be used to develop high yielding with early maturing genotypes. Considering the performance of specific crosses as estimated by specific combining ability effects across locations, cross between good general combiners was not necessarily good specific combiners, so only L7 × T2 and L3 × T3 had good SCA effects for grain yield and 1000-seed weight. Generally, the results obtained in this study indicated that lines developed from Kitale Synthetic II combined well with Tester 2 (T2) and vice versa.
